Both the transforming growth factor b (TGF-b) and integrin signalling pathways have well-established roles in angiogenesis. However, how these pathways integrate to regulate angiogenesis is unknown. Here, we show that the extracellular matrix component, fibronectin, and its cellular receptor, a5b1 integrin, specifically increase TGF-b1-and BMP-9-induced Smad1/5/8 phosphorylation via the TGF-b superfamily receptors endoglin and activin-like kinase-1 (ALK1). Fibronectin and a5b1 integrin increase Smad1/5/8 signalling by promoting endoglin/ ALK1 cell surface complex formation. In a reciprocal manner, TGF-b1 activates a5b1 integrin and downstream signalling to focal adhesion kinase (FAK) in an endoglindependent manner. a5b1 integrin and endoglin form a complex on the cell surface and co-internalize, with their internalization regulating a5b1 integrin activation and signalling. Functionally, endoglin-mediated fibronectin/ a5b1 integrin and TGF-b pathway crosstalk alter the responses of endothelial cells to TGF-b1, switching TGF-b1 from a promoter to a suppressor of migration, inhibiting TGF-b1-mediated apoptosis to promote capillary stability, and partially mediating developmental angiogenesis in vivo. These studies provide a novel mechanism for the regulation of TGF-b superfamily signalling and endothelial function through crosstalk with integrin signalling pathways.
Introduction
Transforming growth factor b (TGF-b) superfamily signalling pathways have important roles in regulating endothelial cell biology and angiogenesis. Deletion of components of this pathway results in abnormalities in the formation of the primitive vascular plexus, decreased vessel wall integrity and embryonic lethality in murine models due to defects in angiogenesis (Goumans et al, 2009; Pardali and ten Dijke, 2009 ). The canonical TGF-b superfamily signalling pathway is triggered when TGF-b superfamily ligands bind to cell surface receptors, including co-receptors, type II, and type I receptors. Upon ligand binding these receptors form complexes, which facilitate the transphosphorylation and activation of the type I receptor by the type II receptor; the type I receptor then phosphorylates receptor-regulated Smads (R-Smads), which bind the co-Smad, Smad4, and accumulate in the nucleus where they act in concert with co-activators and co-repressors to regulate target gene expression (Massague, 1992 (Massague, , 1996 . Endothelial cells express two type I TGF-b superfamily receptors, activin-like kinase-1 (ALK1), which is expressed preferentially in the endothelium, and ALK5 (also referred to as the type I TGF-b receptor, TbRI), which is expressed ubiquitously (Massague, 1998) . In endothelial cells, TGF-b can activate two Smad signalling pathways, the Smad1/5/8 pathway (via ALK1) and the Smad2/3 pathway (via ALK5). Recent studies have shown that another TGF-b superfamily ligand, BMP-9, also binds with high affinity to ALK1 and endoglin in endothelial cells, induces phosphorylation of Smad1 (David et al, 2007) , and plays a physiological role in the control of adult blood vessel quiescence (David et al, 2008) . While the balance of signalling between ALK1/Smad1/5/8 and ALK5/Smad2/3 is thought to be a major determinant of TGF-b superfamily responsiveness in endothelial cell biology (Letamendia et al, 1998) , how the balance between these two TGF-b signalling pathways is regulated during angiogenesis is largely unknown.
Endoglin is a TGF-b superfamily co-receptor also preferentially expressed in endothelial cells. Like many other TGF-b superfamily receptors, endoglin is essential for angiogenesis and vascular development, as endoglin-null (endoglin À / À ) mice experience embryonic lethality at day 10.5 due to defects in vascular development (Li et al, 1999; Arthur et al, 2000) . Moreover, mutations in endoglin and ALK1 cause hereditary haemorrhagic telangiectasia (HHT), an autosomal dominant vascular disease characterized by dilated vessels and arteriovenous malformations that lead to recurrent haemorrhage and shunting in the lung, brain, and the gastrointestinal tract (Bourdeau et al, 1999) . In addition, endoglin is overexpressed in neoangiogenic vessels, during inflammation (Torsney et al, 2002; Mazibrada et al, 2008) , and in solid tumours (Fonsatti et al, 2003; Bernabeu et al, 2009) . Although, our previous work has demonstrated that endoglin can regulate both canonical and non-canonical TGF-b signalling and endothelial function through interaction with GIPC and b-arrestin2 (Lee and Blobe, 2007) , the mechanisms by which endoglin mediates these effects remain largely unknown.
During angiogenesis, growth factors and their receptors coordinate with the extracellular matrix (ECM) and ECM receptors, including integrins, to regulate angiogenesis (Eliceiri, 2001) . Upon integrin engagement, the ECM triggers activation of numerous intracellular signalling pathways essential for endothelial cell survival, proliferation, migration, and angiogenesis (Ingber, 2002; Comoglio et al, 2003; Ross, 2004; Mahabeleshwar et al, 2007) . Although certain ECM components, including laminin, emerged early in evolution, other components, notably fibronectin, are present only in vertebrates with an endothelial cell-lined circulatory system (Whittaker et al, 2006) , suggesting a potential role for fibronectin in regulating angiogenesis. In addition, genetic studies in mice and fish support a fundamental role for fibronectin and its primary receptor, integrin a5b1, in early blood vessel development and vascular physiology (George et al, 1993; Francis et al, 2002; Hynes, 2007; Astrof and Hynes, 2009 ). We noted that, fibronectin, together with the two TGF-b superfamily receptors that are preferentially expressed on endothelial cells, ALK1 and endoglin, are all expressed predominantly in developing vessels, with diminished expression in mature vessels, where laminin and collagen predominate the ECM (Tonnesen et al, 1985; Nicosia and Madri, 1987; Risau and Lemmon, 1988; Wikstrom et al, 2002; Seki et al, 2003; Mahmoud et al, 2009) . Further, both fibronectin-null and endoglin-null mice die at embryonic day 9.5-10.5 due to defects in vascular development (George et al, 1993; Li et al, 1999; Arthur et al, 2000; Francis et al, 2002) . Based on these observations, we hypothesized that the ECM might interact with TGF-b superfamily signalling pathway to regulate signalling and endothelial cell biology. Here, we investigate the crosstalk between TGF-b and fibronectin/ integrin a5b1 pathways and the role of this crosstalk in regulating endothelial cell biology and angiogenesis.
Results
Endoglin specifically increases TGF-b1-and BMP-9-induced Smad1/5/8 activation in endothelial cells To investigate the role of endoglin in TGF-b superfamily signalling in endothelial cells, we stimulated murine embryonic endothelial cells (MEEC) from endoglin wildtype (MEEC þ / þ ) and knockout (MEEC À / À ) mice (Supplementary Figure S1) with two of the main physiological ligands for endoglin, TGF-b1 and BMP-9. Treatment of MEEC þ / þ with TGF-b1 induced both Smad1/5/8 and Smad2 phosphorylation in a dose-( Figure 1A ) and time-( Figure 1B ) dependent manner. In contrast, treatment of MEEC À / À with TGF-b1 resulted in decreased and delayed Smad1/5/8 phosphorylation relative to MEEC þ / þ ( Figure 1A and B), while Smad2 phosphorylation was not effected ( Figure 1A and B). Importantly, restoring endoglin Figure 1 Endoglin specifically increases TGF-b1-and BMP-9-induced Smad1/5/8 activation in endothelial cells. Murine embryonic endothelial cells (MEEC) from endoglin wild-type (MEEC þ / þ ) and knockout (MEEC À / À ) mice were serum starved for 6 h, treated with indicated concentrations of TGF-b1 (A) or BMP-9 (C) for 30 min, or treated with 50 pM TGF-b1 (B) or 2 ng/ml BMP-9 (D) for the indicated times, and the cell lysates analysed with the indicated antibodies. Quantitated data normalized to b-actin from three independent experiments ±s.d. are presented below. Figure source data can be found with the Supplementary data. expression in MEEC À / À restored both basal and TGF-b1-induced Smad1/5/8 phosphorylation (Supplementary Figure  S5) . Treatment of MEEC þ / þ with BMP-9 also induced Smad1/5/8 phosphorylation in a dose-( Figure 1C ) and time-( Figure 1D ) dependent manner, while having no effect on Smad2 phosphorylation ( Figure 2E ), consistent with a Figure 2 Fibronectin and its receptor, integrin a5b1, specifically increase TGF-b1-and BMP-9-induced Smad1/5/8 phosphorylation. (A) Human microvascular endothelial-1 cells (HMEC-1) were incubated on dishes coated with the indicated concentrations of fibronectin, collagen, and laminin for 15 min and the level of adhesion assessed. The cell adhesion ±s.d. of three independent experiments is presented. (B) HMEC-1 were cultured on Matrigel for indicated times to form tubules. Fibronectin expression levels were assessed, and quantitated with b-actin as a loading control. (C) HMEC-1 were cultured in the dishes coated with 10 mg/ml fibronectin, collagen, or laminin, serum starved for 6 h, treated with 50 pM TGF-b1 for 30 min, the cell lysates analysed with the indicated antibodies. Quantitated data normalized to b-actin from three independent experiments ± s.d. are presented below. (D, E) HMEC-1 were cultured in the dishes coated with indicated doses of fibronectin, serum starved for 6 h, treated with 50 pM TGF-b1 (D) or 2 ng/ml BMP-9 (E) for 30 min, the cell lysates analysed with the indicated antibodies, and the data quantitated below. (F) HMEC-1 were cultured in the dishes coated with 10 mg/ml fibronectin, serum starved for 5 h, pretreated with 10 mg/ml integrin a5b1 function blocking antibody (blk Abs) for 1 h, followed by treatment with 50 pM TGF-b1 or 2 ng/ml BMP-9 for 30 min, and the cell lysates analysed with the indicated antibodies. Figure source data can be found with the Supplementary data. previous report (David et al, 2008) . In contrast, treatment of MEEC À / À with BMP-9 resulted in decreased and delayed Smad1/5/8 phosphorylation relative to MEEC þ / þ ( Figure 1C and D). These results indicate that endoglin specifically facilitates TGF-b1-and BMP-9-induced Smad1/5/8 activation in endothelial cells.
Fibronectin and its receptor, integrin a5b1, increase TGF-b1-and BMP-9-induced Smad1/5/8 phosphorylation Angiogenesis occurs in the context of a stroma composed of ECM components and stromal cells, including fibroblasts and immune cells. To explore the potential roles of distinct ECM components in regulating TGF-b superfamily signalling in endothelial cells, we assessed the adhesion of human microvascular endothelial cells (HMEC-1) to different ECM components that have prominent roles in regulating angiogenesis, including fibronectin (Astrof and Hynes, 2009) , collagen (Twardowski et al, 2007) , and laminin (Ljubimova et al, 2006) . While HMEC-1 adhered to all three of these ECM components (Figure 2A ), adhesion to fibronectin was most robust, followed by adhesion to laminin and collagen ( Figure 2A ). The expression of fibronectin also increased during angiogenesis on Matrigel in vitro ( Figure 2B ), with HMEC-1 forming fibronectin fibres (Supplementary Figure  S2) , suggesting a potential role for fibronectin in regulating endothelial cell signalling.
To examine the effect of these ECM components on TGF-b superfamily signalling in endothelial cells, HMEC-1 were plated on non-ECM coated plastic, or plastic coated with fibronectin, laminin or collagen and then stimulated with TGF-b1 or BMP-9. While laminin had no effect and collagen slightly decreased Smad1/5/8 signalling ( Figure 2C ), fibronectin modestly increased basal Smad1/5/8 phosphorylation ( Figure 2C -E), and potently increased TGF-b1-( Figure 2C and D) and BMP-9-( Figure 2E ) induced Smad1/5/8 phosphorylation. Fibronectin more effectively promoted TGF-b1-induced Smad1/5/8 phosphorylation, with an optimal concentration of 10 mg/ml, relative to the 40 mg/ml required for optimal stimulation of BMP-9-induced Smad1/5/8 phosphorylation ( Figure 2D and E). In addition, fibronectin, laminin, or collagen had no effect on basal or TGF-b1-induced Smad2 phosphorylation ( Figure 2C -E). These data suggest that fibronectin specifically promotes TGF-b1-and BMP-9-induced Smad1/5/8 activation in endothelial cells.
As integrin a5b1 is the predominant cellular receptor for fibronectin, we investigated whether integrin a5b1 regulates TGF-b1-or BMP-9-induced Smad1/5/8 activation. An integrin a5b1 function-blocking antibody effectively suppressed fibronectin and TGF-b1-or BMP-9-induced Smad1/5/8 phosphorylation in the presence ( Figure 2F ) or absence (Supplementary Figure S3 ) of exogenous fibronectin, while having no effect on Smad2 phosphorylation ( Figure 2F ). Taken together, these data support a role for fibronectin and its cellular receptor, integrin a5b1, in specifically regulating TGF-b1-and BMP-9-induced Smad1/5/8 activation in endothelial cells.
Regulation of TGF-b signalling by fibronectin/integrin a5b1 in endothelial cells depends on endoglin and ALK1 As endoglin specifically regulates Smad1/5/8 signalling in endothelial cells (Figure 1) , we asked whether regulation of Smad1/5/8 signalling by fibronectin/integrin a5b1 occurs in an endoglin-dependent manner. We assessed the effects of fibronectin on TGF-b signalling between MEEC þ / þ and MEEC À / À or control and endoglin knockdown HMEC-1 (Supplementary Figure S4) . Fibronectin increased the TGFb1-induced Smad1/5/8 phosphorylation in a dose-dependent manner in MEEC þ / þ or control HMEC-1, but not in MEEC À / À or HMEC-1 with shRNA-mediated silencing of endoglin expression ( Figure 3A and B). Consistent with our prior results, fibronectin had no effect on TGF-b1-induced Smad2 phosphorylation in either MEEC or HMEC-1 ( Figure 3A and B). The difference between MEEC þ / þ and MEEC À / À was endoglin specific, as expression of human endoglin in MEEC À / À rescued fibronectin/TGF-b1-induced Smad1/5/8 signalling (Supplementary Figure S5) . The integrin a5b1 function-blocking antibody also specifically suppressed fibronectin and TGF-b1-induced Smad1/5/8 phosphorylation in MEEC þ / þ , but not in MEEC À / À , and had no effects on TGF-b1-induced Smad2 phosphorylation in either cell line ( Figure 3C ). Taken together, these studies strongly support a role for endoglin in mediating the effects of fibronectin and integrin a5b1 on TGF-b1-induced Smad1/5/8 signalling.
To determine whether ALK5 and ALK1 are involved in fibronectin-mediated TGF-b signalling, we either treated HMEC-1 with SB-431542, an ALK5 inhibitor that does not inhibit ALK1, or expressed a dominant-negative kinase dead ALK1 mutant (ALK1 KD) in HMEC-1. SB-431542 pretreatment effectively inhibited TGF-b1-induced Smad1/5/8 and Smad2 phosphorylation in the absence of fibronectin ( Figure 3D ), or in the presence of laminin or collagen (Supplementary Figure S6) . However, in HMEC-1 cultured in fibronectin, SB-431542 only inhibited TGF-b1-induced Smad2 phosphorylation, with no effect on fibronectin/TGFb1-induced Smad1/5/8 phosphorylation ( Figure 3D ; Supplementary Figure S10 ). These data suggested that ALK5 is not required for fibronectin-mediated regulation of Smad1/5/8 signalling in endothelial cells. In contrast, Figure 3 Regulation of TGF-b signalling by fibronectin/integrin a5b1 in endothelial cells depends on endoglin and ALK1. (A, B) MEEC þ / þ and MEEC À / À (A), or HMEC-1 adenovirus transfected with shRNA of non-target control (NTC) or endoglin (B) were cultured in the dishes coated with indicated doses of fibronectin, serum starved for 6 h, treated with 50 pM TGF-b1 for 30 min, the cell lysates analysed with the indicated antibodies, and the data quantitated. (C) MEEC þ / þ and MEEC À / À were cultured in the dished coated with 10 mg/ml fibronectin, serum starved for 5 h, pretreated with 10 mg/ml integrin a5b1 function blocking antibody for 1 h, treated with 50 pM TGF-b1 for 30 min, and the cell lysates analysed with the indicated antibodies. (D) HMEC-1 were cultured in the non-coated or 10 mg/ml fibronectin-coated dishes, serum starved for 5 h, pretreated with 10 mM ALK5 inhibitor, SB-431542 for 1 h, then treated with or without 50 pM TGF-b1, and the cell lysates were analysed with the indicated antibodies. (E) HMEC-1 were transfected with vector or ALK1 kinase dead (KD ALK1) plasmids using adenovirus for 48 h, and cultured in the dishes coated with indicated doses of fibronectin, treated with 50 pM TGF-b1 for 30 min, and the cell lysates were analysed with the indicated antibodies. Figure source data can be found with the Supplementary data. dominant-negative ALK1 (ALK1 KD) abolished TGF-b1-induced Smad1/5/8 phosphorylation as well as fibronectin augmented Smad1/5/8 phosphorylation ( Figure 3E ), suggesting that the regulation of TGF-b1-induced Smad1/5/8 signalling by fibronectin occurs in an ALK1-dependent manner.
TGF-b activates integrin a5b1 signalling in an endoglindependent manner
As TGF-b has been reported to regulate integrin a5b1 expression in non-endothelial cells (Collo and Pepper, 1999; Nesti et al, 2002) , we investigated whether TGF-b1 TGF-b and a5b1 integrin signalling crosstalk H Tian et al might regulate integrin a5b1 expression in endothelial cells. TGF-b1 increased integrin a5b1 expression levels in a time-( Figure 4A ) and dose-( Figure 4B ) dependent manner in endothelial cells. TGF-b treatment had no effect on integrin a5 and b1 levels at the mRNA level (Supplementary Figure S7) , and induced integrin a5b1 levels quickly, beginning at 15 min ( Figure 4A ), suggesting an effect at the protein level. In addition, while pretreatment with the lysosome inhibitor, leupeptin, increased a5 and b1 basal levels, pretreatment inhibited TGF-b1-induced increase in integrin a5b1 levels ( Figure 4C ). However, the proteasome inhibitor, MG132, failed to inhibit TGF-b1-induced-a5 and b1 levels ( Figure 4C ). These results suggest that TGF-b1 increases integrin a5b1 expression by preventing lysosomemediated integrin a5b1 degradation. Phosphorylation of integrin b1 on threonines 788/789 is indicative of integrin a5b1 activation (Wennerberg et al, 1998) . In addition to increasing integrin a5b1 expression, TGF-b induced phosphorylation of integrin b1 on threonines 788/789 in HMEC-1 and MEEC ( Figure 4A , B, and D). (A) HMEC-1 were treated with 50 pM TGF-b1 for the indicated times, the cell lysates were then analysed with the indicated antibodies. p-b1: phosphorylated integrin b1 at Tyrosine 788/789; T-b1: total integrin b1. (B) HMEC-1 were serum starved for 6 h prior to treatment with the indicated doses of TGF-b1 for 30 min, the cell lysates were then analysed with the indicated antibodies, and the data quantitated below. (C) HMEC-1 were pretreated with 10 mM MG132 or 50 mM leupeptin for 1 h, followed by treatment with 50 pM TGF-b1 for 30 min, and integrin a5 and b1 subunits expression levels were assessed by western blot analysis. (D, E) MEEC þ / þ and MEEC À / À or HMEC-1 adenovirally infected with shRNA to non-targeting control (NTC) or endoglin were serum starved for 6 h prior to treatment with the indicated doses of TGF-b1 for 30 min, and the cell lysates analysed with the indicated antibodies. (F) HMEC-1 were serum starved for 5 h, pretreated with 10 mM SB-431542 for 1 h prior to treatment with 50 pM TGF-b1 for 30 min, and the cell lysates analysed with the indicated antibodies. (G) HMEC-1 were adenovirally infected with vector or KD ALK1 for 48 h, serum starved for 6 h prior to treatment with indicated doses of TGF-b1 for 30 min, and the cell lysates analysed with the indicated antibodies. However, TGF-b1 did not stimulate phosphorylation of integrin b1 to the same extent in the MEEC À / À or HMEC-1 with silenced endoglin expression ( Figure 4D ). Focal adhesion kinase (FAK) is phosphorylated after integrin activation and is an important downstream mediator of integrin signalling (Lipfert et al, 1992; Guan, 1997) . Consistent with the effects on TGF-b1-mediated integrin a5b1 activation, TGF-b1 treatment significantly increased FAK phosphorylation at Tyr576/577 and modestly increased FAK phosphorylation at Tyr397 in MEEC þ / þ ( Figure 4E , upper panel) and HMEC-1 ( Figure 4E , bottom panel), while TGF-b1 had no effect on FAK phosphorylation in MEEC À / À ( Figure 4E, upper panel) or HMEC-1 with silenced endoglin expression ( Figure 4E , bottom panel). Further, as integrin phosphorylation of FAK at Tyr 576/577 requires Src recruitment, TGF-b1 increased Src phosphorylation at Tyr416 in MEEC þ / þ , while having no effect in MEEC À / À (Supplementary Figure S8) . In contrast to the effects of TGF-b1, BMP-9 did not induce integrin a5b1 expression and only transiently induced integrin b1 phosphorylation (Supplementary Figure S9) . Taken together, these data indicate that endoglin is required for TGF-b1-mediated integrin a5b1 activation and downstream signalling in endothelial cells.
To evaluate the role of ALK5 and ALK1 in TGF-b1 activation of integrin signalling, we pretreated HMEC-1 with SB-431542 or expressed dominant-negative ALK1 (ALK1 KD) to block ALK5 ( Figure 3D ; Supplementary Figure S10 ) and ALK1 activity ( Figure 3E ; Supplementary Figure S11 ), respectively. Neither SB-431542 nor overexpression of ALK1 KD inhibited TGF-b-induced integrin b1 subunit phosphorylation ( Figure 4F and G) or FAK phosphorylation at Tyr 576/577 ( Figure 4F and G), suggesting that neither ALK1 nor ALK5 was involved in TGF-b1-induced and endoglin-dependent integrin a5b1 activation.
Endoglin interacts with integrin a5b1 via its extracellular domain
As we demonstrated that integrin a5b1 regulates TGF-b signalling in an endoglin-dependent manner, and that TGF-b signalling regulates integrin a5b1 in an endoglin-dependent manner, we next addressed whether endoglin interacted with integrin a5b1. First, we overexpressed GFP-tagged integrin a5 (GFP-a5) or b1 and HA-tagged endoglin (HA-endoglin) in COS7 cells and performed co-immunoprecipitation studies. Immunoprecipitation of endoglin was able to specifically co-immunoprecipitate integrin a5 ( Figure 5A ; Supplementary Figure S12 ) and b1 ( Figure 5B ). In a reciprocal manner, immunoprecipitation of integrin a5 or b1 specifically co-immunoprecipitated exogenous HA-endoglin ( Figure 5C ). As endoglin is expressed preferentially in endothelial cells, we asked whether endogenous endoglin and endogenous integrin a5b1 interacted in endothelial cells. Immunoprecipitation of endogenous endoglin specifically co-immunoprecipitated endogenous integrin a5 and b1 subunits in MEEC and HMEC-1 ( Figure 5D and E). The interaction between endoglin and integrin a5b1 was specific, as endoglin could not co-immunoprecipitate integrin b4 (Supplementary Figure S13) , a subunit of the laminin receptor, integrin a6b4, integrin av or integrin b3, subunits of another fibronectin receptor, integrin avb3 (Supplementary Figure S14) . Taken together, these data demonstrate that endoglin interacts specifically with integrin a5b1 in endothelial cells.
As human endoglin contains an RGD domain, which has the potential to mediate binding to integrin a5b1, we mutated RGD in human endoglin to TAD and tested its ability to interact with the integrin a5 subunit. The endoglin-TAD mutant only slightly decreased endoglin's interaction with integrin a5 (Figure 5F ), suggesting that RGD is not the only domain mediating endoglin and integrin a5b1 interaction. Further, while mutation of endoglin cytoplasmic domain phosphorylation sites (Supplementary Figure S15) , deletion of the entire cytoplasmic domain ( Figure 5G and H) or deletion of the Class I PDZ binding motif mediating binding to GIPC (DSMA, Lee et al, 2008; Figure 5G and H) , had no effect on endoglin interaction, deleting the entire extracellular domain (TMCT) abolished the interaction of endoglin with both integrin a5 ( Figure 5G ) and integrin b1 ( Figure 5H ). To determine which sequence in the extracellular domain of endoglin was responsible for interaction with integrin a5b1, we made a series of truncation mutants of the endoglin extracellular domain, all of which could localize on the cell surface (Supplementary Figure S16 ), and we assessed their ability to interact with integrin a5. None of the truncation mutants, DEL 26-173, DEL 26-323, or DEL 26-486, could abolish interaction with integrin a5 ( Figure 5I ). As TMCT mutant could completely abolish the interaction ( Figure 5G and H), we deleted amino acids 486-586, as these represent the difference between DEL 26-486 and TMCT. However, DEL 486-586 also interacted with integrin a5 ( Figure 5I ). Taken together, these results suggest that endoglin interacts with integrin a5b1 through multiple regions in its extracellular domain.
Fibronectin and integrin a5b1 enhance endoglin/ ALK1complex formation Endoglin potentiates TGF-b1/ALK1/Smad1/5/8 signalling (Figure 1 ) by interacting with ALK1 via its extracellular domain (Lebrin et al, 2004; Blanco et al, 2005) . Given that fibronectin/integrin a5b1 also increase ALK1/Smad1/5/8 signalling and that integrin a5b1 can interact with the extracellular domain of endoglin, we next asked whether fibronectin-induced clustering of integrin a5b1, as demonstrated here (Supplementary Figure S17) , could increase Smad1/5/8 phosphorylation by enhancing endoglin complex formation with ALK1. We first tested whether ALK1 or ALK5 interacted with integrin a5. ALK1, and to a lesser extent ALK5, interacted with integrin a5 in an endoglin-independent manner ( Figure 6A ). We then asked whether fibronectin-induced clustering of integrin a5b1 enhanced endoglin complex formation with ALK1 using a Duolink assay. While this assay was not sensitive enough to detect endogenous complexes in endothelial cells, in COS7 cells expressing endoglin and ALK1, fibronectin, but not collagen, increased complex formation between endoglin and ALK1 ( Figure 6B; Supplementary Figure S18) . Importantly, integrin a5b1 function-blocking antibody was able to inhibit the effect of fibronectin on endoglin/ALK1 complex formation (Supplementary Figure S18) . These data support a model in which fibronectin-induced clustering of integrin a5b1, via integrin a5b1's interaction with endoglin and ALK1, brings these receptors into proximity, in turn enhancing ligand binding and downstream signalling ( Figure 9D ).
The internalization of endoglin/integrin a5b1 complexes regulates integrin signalling As endoglin and integrin a5b1 interact physically, we investigated the cellular localization of endoglin-integrin a5b1 complexes using confocal laser scanning microscopy.
Endoglin and integrin a5 co-localized at the cell membrane (white arrows in Figure 7A and B) and in intracellular vesicles (white arrow in insets of Figure 7A and B). EEA1 and the GTPase, Rab5, regulate the passage of cargo from the cell surface/plasma membrane into the early endosome (Gorvel et al, 1991; Simonsen et al, 1998) . Endoglin/integrin a5b1 co-localized into Rab5-and EAA1-positive vesicles ( Figure 7B , white arrows in insets), suggesting that endoglin/integrin a5b1 complexes internalize. To assess directly the fate of these complexes, we co-transfected COS7 cells with HA-endoglin and integrin a5 and performed a time course of endoglin/a5 internalization using a trypsin-biotinylation internalization assay, which assesses internalized receptors from an initially labelled pool of biotinylated cell surface receptors. Both endoglin and integrin a5 internalized in a time-dependent manner ( Figure 7C ). Interestingly, internalized biotinylated integrin a5 could be co-immunoprecipitated with internalized biotinylated endoglin ( Figure 7C ), supporting complex formation at the cell surface, followed by co-internalization. However, co-expression of integrin a5 and HA-endoglin T650A mutant, which cannot bind b-arrestin2 (Supplementary Figure S19) or internalize (Lee and Blobe, 2007) , suppressed endoglin and integrin a5 internalization, suggesting the internalization of endoglin/a5 complex was triggered by endoglin's interaction with b-arrestin2.
Receptor endocytosis has important regulatory roles in signal transduction (Ceresa and Schmid, 2000; Cavalli et al, 2001) . To investigate whether the co-internalization of integrin a5b1 and endoglin had effects on either ALK1/ Smad1/5/8 or integrin a5b1 signalling, we assayed the effects of potassium depletion and nystatin, which inhibit clathrin-dependent or -independent endocytosis, respectively. Neither potassium depletion nor nystatin significantly affected TGF-b1-induced Smad1/5/8 or Smad2 phosphorylation in either MEEC þ / þ or MEEC À / À (Supplementary Figures S20 and S21) , suggesting that endoglin/integrin a5b1 internalization did not mediate the effects of fibronectin/integrin a5b1 on Smad 1/5/8 signalling. Endoglin interacted with integrin a5b1 via its extracellular domain. (A) Anti-HA or anti-endoglin immunoprecipitates (IP) were prepared from COS7 cells expressing HA-endoglin with GFP or GFP-a5. HA-endoglin and a5 were detected in IP and total cell lysates by western blot analysis. (B) Anti-HA immunoprecipitates were prepared from COS7 cells expressing HA-endoglin with indicated amounts of b1 integrin. HA-endoglin and b1 were detected in IP and total cell lysates by western blot analysis. (C) Anti-a5 or b1 integrin immunoprecipitates were prepared from COS7 cells expressing HA-endoglin and GFP-a5 or b1, respectively. HA-endoglin and a5 or b1 were detected in IP and total cell lysates by western blot analysis. (D) Immunoprecipitates were prepared from MEEC þ / þ and MEEC À / À , a5 or b1 was detected in IP and cell lysates by western blot analysis. (E) Immunoprecipitates were prepared from wild HMEC-1 or HMEC-1 adenovirally infected with shRNA to endoglin, a5 or b1 was detected in IP and cell lysates by western blot analysis. (F) Anti-HA immunoprecipitates were prepared from COS7 cells expressing GFP-a5 with HA-endoglin or RGD to TAD mutant of HA-endoglin, a5 and HA-endoglin were detected in IP and cell lysates by western blot analysis. (G, H) Anti-HA immunoprecipitates were prepared from COS7 cells expressing GFP-a5 (G) or b1 (H) with HAendoglin or HA-endoglin lacking cytoplasmic domain (ECTM), extracellular domain (TMCT) or the last three amino acids in c-terminal (DSMA), a5 and HA-endoglin were detected in IP and cell lysates by western blot analysis. (I) Anti-HA immunoprecipitates were prepared from COS7 cells expressing GFP-a5 with HA-endoglin or indicated HA-endoglin truncation mutants, a5 and HA-endoglin were detected in IP and cell lysates by western blot analysis. The endoglin/integrin a5b1 complex undergoes internalization. (A) MEEC À / À expressing HA-endoglin with GFP-a5 integrin were stained using P3D1 to endoglin and anti-GFP antibodies. Images were obtained using confocal laser scanning microscopy. (B) MEEC À / À expressing HA-endoglin with GFP-a5 integrin were stained using P3D1, anti-GFP and anti-Rab5 or anti-EAA1 antibodies. Images were obtained using confocal laser scanning microscopy. (C) COS7 cells were transfected with HA-endoglin or HA-endoglin T650A mutant and GFP-a5 for 24 h, labelled the cell surface proteins with Sulfo-NHS-LC-Biotin, the cell surface protein cleaved with trypsin for the indicated time course at 371C, immunoprecipitated with anti-HA antibody, resolved by SDS-PAGE, and western blots were performed using streptavidinhorseradish peroxidase. The surface receptors without trypsin digestion were used as a positive control (PC), whose values were set as 100%. (D) MEEC þ / þ and MEEC À / À were serum starved for 5 h. Clathrin-dependent endocytosis was inhibited by potassium (K) depletion for 1 h. Cells were treated with 50 pM TGF-b1 for 30 min, phosphorylation of FAK was then detected. (E) MEEC þ / þ , MEEC À / À , and MEEC À / À transfected with HA-endoglin or HA-endoglin T650A for 24 h, were serum starved for 6 h, treated without or with 50 pM TGF-b1 for 30 min, and phosphorylation of integrin b1 was detected. While nystatin had no effect on TGF-b1-induced FAK phosphorylation (Supplementary Figure S22) , potassium depletion inhibited both the basal and TGF-b1-induced FAK phosphorylation at Tyr397 and Tyr 576/577; these effects could be rescued by restoring potassium ( Figure 7D) . Notably, potassium depletion had no effect on TGF-b1-induced FAK phosphorylation in MEEC À / À (Figure 7D ), suggesting that endoglin is required for integrin a5 endocytosis and endocytosis-regulated integrin signalling. Consistent with this hypothesis, endoglin expression rescued TGF-b1-induced integrin b1 phosphorylation in MEEC À / À (Figure 7E ), while expression of endoglin-T650A mutant, which is unable to support integrin a5 endocytosis ( Figure 7C ), was unable to rescue TGF-b1-induced integrin b1 phosphorylation ( Figure 7E ). These data suggest that the endocytosis of endoglin and integrin a5b1 are mediated by a clathrin-dependent pathway, with this endocytosis regulating integrin a5b1 activation and signalling, while having no effect on TGF-b1-induced Smad1/5/8 signalling.
Fibronectin/integrin a5b1 switch TGF-b from a promoter to a suppressor of migration and stabilized newly formed tubules As fibronectin/integrin a5b1 and TGF-b signalling pathways crosstalk, we investigated the role of this crosstalk on endothelial cell biology. Although TGF-b1 increased HMEC-1 migration through non-ECM and collagen-coated transwells ( Figure 8A ), TGF-b1 suppressed endothelial cell migration through fibronectin-coated transwells ( Figure 8A ), suggesting that fibronectin, through selectively enhancing Smad1/5/8 signalling, can alter endothelial cell responses to TGF-b1. The integrin a5b1 function-blocking antibody also blocked the ability of TGF-b1 to suppress endothelial cell migration through fibronectin-coated transwells ( Figure 8B ). Further, consistent with the role for endoglin in both fibronectin/ integrin a5b1-mediated increases in Smad1/5/8 signalling and TGF-b-induced integrin a5b1 activation, TGF-b1 suppressed endothelial cell migration on fibronectin in MEEC þ / þ , while TGF-b increased migration on fibronectin Figure 8 Fibronectin/integrin a5b1 switch TGF-b from a migration promoter to migration suppressor. (A) HMEC-1 were plated in the transwells coated with non-ECM, 20 mg/ml fibronectin or collagen, pretreated with or without 100 pM TGF-b1 and assessed for migration after 8 h. Quantitated data from three independent experiments ±s.d. are presented. (B) MEEC þ / þ pretreated with or without 10 mg/ml a5b1 function-blocking antibody were plated in transwells coated with 20 mg/ml fibronectin, treated with or without 100 pM TGF-b1 and assessed for migration after 8 h. Quantitated data from two independent experiments ± s.d. are presented. (C) MEEC þ / þ or MEEC À / À were plated in transwells coated with 20 mg/ml fibronectin, pretreated with or without 100 pM TGF-b1 and assessed for migration after 8 h. Quantitated data from three independent experiments ± s.d. are presented. (D) Wild HMEC-1 or HMEC-1 adenovirally infected with shRNA to endoglin were cultured on the Matrigel mixed with or without 50 mg/ml fibronectin with 100 pM TGF-b1 treatment for indicated times. Images were taken at 4 Â microscopy, and tubules were counted using Image J. Quantitated data ±s.d. of one representative experiment out of two independent experiments are presented. (E) HMEC-1 or HMEC-1 adenovirally infected with shRNA to endoglin were cultured in Matrigel for 12 h, lysed and pro-and cleaved caspase-3 were detected using anti caspase-3 antibody. Figure source data can be found with the Supplementary data. in MEEC À / À ( Figure 8C ). These effects were specific to TGF-b1, as BMP-9 decreased endothelial cell migration in the presence and absence of fibronectin (Supplementary Figure  S23) . Taken together, these data suggest that endoglin, fibronectin, and its major receptor, integrin a5b1, switch TGF-b1 from a promoter to a suppressor of endothelial cell migration through TGF-b and integrin a5b1 crosstalk.
As Matrigel does not contain fibronectin, we assessed the effects of fibronectin on angiogenesis on Matrigel in vitro in the presence or absence of fibronectin. After 12 h on Matrigel, HMEC-1 spontaneously organized into tubule-like structures ( Figure 8D) , with the structures deteriorating after 24 h due to apoptosis ( Figure 8E ). TGF-b1 treatment increased cell apoptosis as detected by pro-caspase-3 cleavage ( Figure 8E ) and tubule degradation ( Figure 8D ). In the presence of fibronectin, TGF-b1 induced less tubule formation ( Figure 8D) , with many of the endothelial cells aggregating together ( Figure 8D , 12 h panel, black arrow), consistent with the role of fibronectin in mediating TGF-b1-induced inhibition of endothelial cell migration in this context ( Figure 8A ). However, both TGF-b-induced apoptosis as assessed using pro-caspase-3 cleavage ( Figure 8E ) and tubule degradation ( Figure 8D ) were significantly decreased in the presence of fibronectin ( Figure 8D and E) . Again, the effect of fibronectin was endoglin dependent, as fibronectin had no effect on TGF-binduced pro-caspase-3 cleavage and tubule degradation in HMEC-1 with endoglin expression silenced ( Figure 8D and E). Further, similarly to the effects on migration, fibronectin has no significant effect on BMP-9-mediated inhibition of tubule formation (Supplementary Figure 24) . Collectively, these data suggest that fibronectin cooperates with the TGFb signalling pathway to decrease apoptosis and maintain the stability of newly formed tubule-like structures.
Endoglin and endoglin/integrin a5b1 internalization are required for developmental angiogenesis in vivo Our in vitro data highlight an important role for endoglin in mediating the crosstalk between TGF-b and fibronectin/integrin a5b1 pathways. To explore the physiological relevance of our findings, we assessed the role of this endoglin function during capillary formation in vivo using the transgenic Fli1-EGFP zebrafish developmental angiogenesis model. Fli1-driven expression of GFP begins early during embryonic development, with angiogenesis evident within the first 24 h, as monitored via fluorescence microscopy. We generated morpholinos (Endo-MO) to suppress translation of the endogenous endoglin orthologue in Fli1-EGFP embryos, and observed significant defects in the formation of both intersegmental vessels (ISVs) and dorsal longitudinal anastomotic vessel (DLAV) at 48 h post fertilization (h.p.f.) ( Figure 9A ). The injection of wild-type human endoglin mRNA along with Endo-MO into Fli1-EGFP transgenic embryos effectively rescued the phenotype ( Figure 9B and C) . However, the endoglin TMCT mutant, which was the only mutant identified that could not interact with integrin a5b1 (Figure 5 ), failed to rescue the phenotype ( Figure 9B ). To test whether the endoglin/integrin a5b1 complex endocytosis was critical for promoting angiogenesis in vivo, embryos were injected with Endo-MO and human endoglin mRNA with T650A mutant, which is unable to support internalization of endoglin and integrin a5b1 ( Figure 7C ). We found that the Endo-T650A mRNA is unable to fully rescue the MO phenotype compared to WT rescue ( Figure 9C ). Taken together, our Fli1-EGFP zebrafish model supports a pivotal role for endoglin/integrin a5b1 crosstalk and endoglin-mediated integrin a5b1 endocytosis in mediating developmental angiogenesis in vivo.
Discussion
Here, we have shown that the prominent ECM component, fibronectin, and its primary cellular receptor, a5b1 integrin, specifically increase TGF-b1-and BMP9-induced Smad1/5/8 phosphorylation in an endoglin-and ALK1-dependent manner. In a reciprocal fashion, TGF-b1 activates a5b1 integrin and downstream signalling to FAK in an endoglin-dependent manner ( Figure 9D ).
How might endoglin cooperate with fibronectin and a5b1 integrin to enhance ALK1/Smad1/5/8 signalling? As demonstrated here, endoglin interacts with a5b1 integrin through its extracellular domain. While human endoglin has an RGD motif, which has the potential to bind a5b1 integrin, this motif is not conserved across evolution (Supplementary Figure S25) , suggesting that the RGD motif is not the only domain responsible for endoglin-integrin a5b1 interaction. Consistent with that notion, our data show that mouse endoglin, which lacks the RGD domain, and human endoglin with a mutation in the RGD motif can still interact with integrin a5b1. Despite extensive structure/function studies, we were unable to identify a more discrete endoglin domain responsible for this interaction (Figure 5 ), suggesting that there may be more than one structure in the extracellular domain that mediates this interaction. We also demonstrate that integrin a5b1 interacts with ALK1, but not with ALK5, and is able to enhance endoglin and ALK1 complex formation in a fibronectin-and integrin a5b1-dependent manner. Taken together, these data support a model in which fibronectin induces clustering of integrin a5b1, thereby bringing endoglin and ALK1 into proximity, selectively enhancing ligand binding, and downstream signalling to the Smad1/5/8 pathway ( Figure 9D ). This model can explain why fibronectin and integrin a5b1 only enhance Smad1/5/8 signalling in the presence of endoglin ( Figure 3A and B), while having no effects on the Smad2 signalling pathway downstream of ALK5 ( Figure 3A and B) , and why the ALK5 inhibitor has no effect on fibronectin/integrin a5b1-mediated Smad1/5/8 signalling ( Figure 3D ).
In terms of how TGF-b regulates the fibronectin/integrin a5b1 signalling pathway, we show that TGF-b, but not BMP-9, increases both integrin a5b1 expression and activation. While TGF-b has been reported to increase integrin a5b1 transcription in human hepatocellular carcinoma cells (Cai et al, 2000) , and integrin a5b1 biosynthesis in human microvascular endothelial cells (Enenstein et al, 1992) , the effects here occurred rapidly, suggesting that TGF-b might stabilize integrin a5b1 at the protein level. Consistent with that notion, a lysosomal inhibitor mimicked this effect, suggesting that TGF-b stabilizes integrin a5b1 through inhibition of lysosome degradation. In addition, TGF-b activated integrin a5b1 signalling to FAK in an endoglin-dependent manner. Integrin trafficking has been shown to play important roles in regulating integrin signalling (Liu et al, 2011; Skalski et al, 2011) , with a recent study showing that b1 integrin on the plasma membrane is primarily inactive, whereas active b1 integrin receptor is predominantly intracellular (Arjonen et al, 2012) . As we have shown here, TGF-b cannot induce integrin a5b1 activation in MEEC À / À and endoglin knockdown HMEC-1. Further, the endoglin T650A mutant, which cannot promote internalization (Lee and Blobe, 2007) , suppresses endoglin/ integrin a5b1 complex internalization and TGF-b-induced a5b1 integrin activation. These data suggest that endoglin regulates TGF-b-induced integrin signalling activation by complexing and co-internalizing with a5b1 integrin ( Figure 9C ). The trafficking of endoglin and integrin is also important for endothelial function and angiogenesis (Valdembri et al, 2009; di Blasio et al, 2010) , as endoglin deficient in internalizing, endoglin T650A, failed to rescue endoglin-silencing mediated defects in developmental angiogenesis in vivo. These data suggest that TGF-b-mediated regulation of angiogenesis may function, in part, through stabilization and activation of integrin a5b1 signalling.
The crosstalk between the TGF-b and fibronectin/integrin signalling pathways switches TGF-b from a promoter to a suppressor of endothelial cell migration, and promotes endothelial cell survival. How might this crosstalk regulate endothelial cell migration? Our data indicate that fibronectin and integrin a5b1 increase specifically TGF-b1-induced Smad1/5/8 phosphorylation in an endoglin-and ALK1-dependent manner, by increasing complex formation between endoglin and ALK1. At the same time, the level of TGF-b1-induced Smad2 phosphorylation remains unchanged, potentially due to the relative inability of integrin a5b1 to interact with ALK5. Thus, either shifting the balance of Smad1/5/8 and Smad2 signalling towards Smad1/5/8, or selectively increasing Smad1/5/8 signalling, is predicted to result in decreased endothelial cell migration. These results are consistent with our previous findings in which endoglin/GIPC , constitutively activated ALK1, or expression of the ALK1 activator, CK2b (Lee et al, 2009) , increased Smad1/5/8 signalling and inhibited endothelial migration. The mechanisms by which these diverse factors might coordinate to regulate TGF-b superfamily signalling and endothelial cell function are currently being explored.
Interestingly, while the ALK5 inhibitor, SB-431542, inhibited TGF-b-induced Smad2 and Smad1/5/8 phosphorylation in endothelial cells cultured in the absence of fibronectin, as well as TGF-b-induced Smad2 phosphorylation in the presence of fibronectin, SB-431542 was not able to inhibit TGF-b-induced Smad1/5/8 phosphorylation in the presence of fibronectin ( Figure 3D ; Supplementary Figure S10 ). As SB-431542 does not inhibit ALK1, the effects of SB-431542 are thought to be mediated through ALK5, which has been shown to be important for ALK1 signalling (Goumans et al, 2003) . In this context, the inability of SB-431542 to inhibit TGF-b-induced Smad1/5/8 phosphorylation in the presence of fibronectin suggests that fibronectin bypasses the requirement for ALK5. As we demonstrate that fibronectin increases Smad1/5/8 phosphorylation by increasing complex formation between endoglin and ALK1, ALK5 could be functioning to increase ALK1 signalling in a similar manner. In addition, in the context of maturing blood vessels, where fibronectin is a predominant component (Tonnesen et al, 1985; Nicosia and Madri, 1987; Risau and Lemmon, 1988) , ALK1/Smad1/5/8 signalling would dominate, and would not be dependent on ALK5 signalling, consistent with what has been reported in murine models (Park et al, 2008) .
In addition to effects on endothelial cell migration, fibronectin increased capillary stability through decreasing TGF-binduced endothelial cell apoptosis. These results suggest that either increased integrin a5b1 signalling, increased Smad1/5/8 signalling or both result in increased capillary stability. In support of a role for increased Smad1/5/8 signalling, we have recently defined a role for BMP-9, which only increases Smad1/5/8 signalling, in increasing capillary stability (Lee et al, 2012) . Thus, fibronectin and TGF-b-induced Smad1/5/8 signalling may serve as a survival signal in newly formed blood vessels, with a specific role in the maturation stage of angiogenesis, regulating TGF-b signalling to inhibit endothelial migration and stabilize the newly formed vessels.
Mutations in endoglin and ALK1 result in hereditary HHT (Johnson et al, 1996; Bourdeau et al, 1999) , suggesting that they function in the same signalling pathway. Here, we demonstrate that endoglin is required for fibronectin and a5b1 integrin-mediated stimulation of ALK1/Smad1/5/8 signalling, as well as for TGF-b-mediated activation of a5b1 integrin signalling. While fibronectin and a5b1 integrin signalling are known to be important for regulating angiogenesis and vascular remodelling, and the current studies indicate that these effects may be mediated by crosstalk with the endoglin/ALK1 signalling pathway, the role of fibronectin, a5b1 integrin and their crosstalk with the endoglin/ALK1 signalling pathway in HHT pathogenesis remains to be explored.
Materials and methods
Cell culture and antibodies HMEC-1 were grown in MCDB-131 medium (Invitrogen), supplemented with 10% fetal bovine serum (FBS), 1 mg/ml hydrocortisone (Sigma), 10 ng/ml EGF (Sigma), and 2 mM L-glutamine (Invitrogen). Endoglin wild-type (MEEC þ / þ ) and endoglin-null (MEEC À / À ) MEEC were grown in MCDB-131 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate (Invitrogen), 100 mg of heparin (Sigma), and 50 mg/ml endothelial cell growth supplement (ECGS; Sigma). Both HMEC-1 and MEEC were cultured in flasks coated with 0.05% gelatin. HEK 293 cells were grown in Dulbecco's modified Eagle's medium, supplemented with 10% FBS.
Trypsin internalization assay COS7 cells were plated in 10 cm dishes to reach 60% confluence, followed by transfection of 6 mg HA-endoglin or HA-endoglin T650 mutant and 6 mg GFP-a5 plasmids. 48 h later, cells were split in 6 cm dishes. After culture overnight, cells were rinsed three times with ice-cold PBS. Then, cells were incubated with 0.5 mg/ml Sulfo-NHS-LC-Biotin (Pierce Biotechnology, Rockford, IL) in Hepes Buffer (150 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 1.2 mM MgCl 2 and 10 mM Hepes) while rocking at 41C for 2 h. Cells on ice were rinsed twice with ice-cold PBS. In all, 1 ml of room temperature COS7 media was added to select samples followed by a time course at 371C. Cells were then rinsed once with PBS on ice, incubated at 371C with trypsin for 1 min, followed by immediate addition of DMEM þ 10%FBS on ice. Cells were lysed on ice with 1 ml RIPA plus protease inhibitors (leupeptin, pepstatin, PMSF, and DTT), kept on ice for 30 min and centrifuged at 14 000 r.p.m. for 30 min at 41C. Pellets were removed and the supernatants were used to perform immunoprecipitation using anti-HA antibody. After running SDS-PAGE and transfer, internalized HA-endoglin and a5 were detected with strep-HRP at 1:10 000.
Duolink assay
The Duolink assay (Olink Bioscience) was performed according to manufacturer's protocol. Briefly, COS7 cells cultured in 10 ml dishes were transfected with 6 mg HA-endoglin and 6 mg myc-ALK1 (HA and myc tags are localized in N terminals of extracellular domains of endoglin and ALK1) for 24 h and plated on coverslides in 6-well plate. Cells were then washed with PBS, fixed with 4% paraformaldehyde, permeabilized in 0.1% Triton X-100/PBS for 5 min and then blocked with 5% bovine serum albumin in PBS for 1 h. Slides were incubated with anti-myc (from rabbit) and anti-HA (from mouse) primary antibodies for 1 h in room temperature and then incubated with PLA probe MINUS and PLUS mixture for 1 h at 371C. After ligation for 30 min, amplification for 100 min at 371C, the slides were labelled with DAPI and mounted with Prolong Anti-Fade (Sigma), digitally imaged and counted for number of the red dots per cells manually using ImageJ software.
Transwell migration assay
Transwells (Costar Corning Inc., 8 mM polycarbonate membrane 6.5 mm insert, 24-well plate) were coated with 20 mg/ml fibronectin, laminin or collagen prior to plating. In all, 30 000 cells were plated onto the top of each of the 24-well membrane and allowed to migrate for 8 h prior to cell fixation and staining of the nuclei of the migrated cells on the bottom side of the membrane. The transwell membranes containing stained cells were digitally imaged, then counted using image J software.
Endothelial tubule formation
In all, 24-well plates were coated with 150 ml Matrigel matrix (BD Bioscience, San Jose, CA, USA) mixed with or without 50 mg/ml fibronectin on ice and were incubated at 371C for 30 min. In all, 5 Â10 4 cells/500 ml MEECs were plated on 24-well plates coated with Matrigel matrix and were treated as indicated. Tubules formed were digitally imaged after indicated time and counted for number of tubes formed per field.
Morpholino and embryo manipulations
Zebrafish (Danio rerio) embryos were raised and maintained as described (Westerfield, 1995) . Embryos at 24 h.p.f.) were raised in 0.2 mM 1-phenyl-2-thio-urea (Sigma) to prevent pigment formation and allowed to develop until 48 h.p.f. Splice blocker morpholino (MO) against Endoglin (Endo) (TAGTAGAGAACTTAC CCGCACAGGC) (Lee et al, 2012) was designed by and obtained from Gene Tools, LLC. For Endo MO efficacy experiments, RT-PCR was performed using gene-specific primers in exons immediately flanking the targeted region on 72 h.p.f. RNA isolated from control and Endo MO-injected embryos. We injected 1 nl of diluted MO (5 ng) and/or RNA (100 pg) into transgenic (Fli1: EGFP) zebrafish embryos at the 1-to 2-cell stage. Injected embryos were scored at 48 h.p.f. and classified into two groups, normal and mutant, on the basis of the relative vasculogenesis defects compared to age-matched controls from the same clutch. For RNA rescue experiments, human ENDOGLIN mRNAs, WT, mutant p.T650A, and mutant TMCT were transcribed in vitro with the SP6 Message Machine kit (Ambion). All experiments were repeated three times; a t-test was performed to determine the significance of phenotypic rescue.
Statistical analysis
Quantitative data are expressed as means±s.d. Statistical significance was determined by the two-tailed Student's t-test or one-way ANOVA, followed by the LSD-t test for multiple comparisons. A P-value of o0.05 was considered statistically significant.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
